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This study presents a comparison between measured and modelled particle number 9 concentrations (PNCs) in the 10-300 nm size range at different heights in a canyon. The PNCs 10 were modelled using a simple modelling approach (modified Box model, including vertical 11 variation), an Operational Street Pollution Model (OSPM) and Computational Fluid Dynamics 12 (CFD) code FLUENT. All models disregarded any particle dynamics. CFD simulations have 13 been carried out in a simplified geometry of the selected street canyon. Four different sizes of 14 emission sources have been used in the CFD simulations to assess the effect of source size on 15 mean PNC distributions in the street canyon. 16 The measured PNCs were between a factor of two and three of those from the three 17 models suggesting that if the model inputs are chosen carefully, even a simplified approach can 18 predict the PNCs as well as more complex models. CFD simulations showed that selection of 19 the source size was critical to determine PNC distributions. A source size scaling the vehicle 20 dimensions was found to better represent the measured PNC profiles in the lowest part of the 21 canyon. The OSPM and Box model produced similar shapes of PNC profile across the entire 22 height of the canyon, showing a well-mixed region up to first 2 m and then decreasing PNCs 23 with increased height. The CFD profiles do correctly reproduce the increase from road level to a 24 height of 2 m; however, do not predict the measured PNC decrease higher in the canyon. The 25 PNC differences were largest between idealised (CFD and Box) and operational (OSPM) 26 models at upper sampling heights; these were attributed to weaker exchange of air between 27 street and roof-above in the upper part of the canyon in the CFD calculations. Possible reasons 28 for these discrepancies are given. 29
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Introduction 1
The introduction of stricter emission standards, cleaner fuels and better emission control 2 technology has decreased the particle mass emissions from diesel-engined vehicles but may 3 have increased the particle number emissions because of lower available particle surface area 4 favouring nucleation over adsorption (Kittelson, 1998 ). This will also lead to a shift of size 5 distributions towards smaller size ranges as discussed by Cheng et al. (2008) . The ultrafine 6 particles (those below 100 nm), which are not explicitly the part of current regulatory limits, 7 contribute significantly to particle number concentrations (PNC) but little to particle mass 8 2007). This indicates the need to design effective mitigation strategies to regulate the particles 13 on a number basis in urban areas. The lack of standard methods and instrumentation for particle 14 number measurements, and the detailed understanding of the influence exerted on particle 15 dispersion by ambient meteorology and traffic volume have limited the scope for accurate 16 modelling of particles on number basis in urban areas. 17 Several simple to complex models are currently available for the dispersion of particles 18 in the urban environment. These include simple Box models, Gaussian models, Computational 19 Fluid Dynamics (CFD) models, Lagrangian / Eulerian models, and models that include particle 20 dynamics. A review of these models can be seen in Holmes and Morawska (2006) and 21 Vardoulakis et al. (2003) . Validation studies for particle numbers are not abundantly available. 22
Many models are suitable for the prediction of PMCs and gaseous pollutants in urban 23 environments, but few are appropriate for the prediction of PNCs. Also, as with PMC models, 1 there are many practical constraints related to the use of PNC models which require a great 2 amount of input information (i.e., emission factors, meteorology, local traffic and the geometry 3 of the site, etc.) rarely available in detail for routine applications. For example, the mass 4 emission factors for various type of vehicles under a range of driving conditions are importantthe PNCs were approximately constant and independent of U r up to a critical value of cut-off 1 wind speed (U r,crit ). In the wind-dependent PNC region (when U r >>U r,crit ), the PNCs are 2 inversely dependent on U r . The U r,crit is defined as the U r which separates the regions of traffic 3 and wind dependent PNCs. In addition, the vertical concentration profiles, showing an 4 exponential PNC decay with height above the height of a well-mixed region close to the road 5 level, has been incorporated in to this model. Details of the model formulation are provided in 6 supplementary Section S.1. The final expression for the leeward side of the canyon, as seen in 7
Eq. (S-8), is: 8
(1) 9
where z = max (z, h 0 ), U r = max (U r , U r,crit ), and 1 k = 0.11 m assumed height of the well-mixed region close to road level, E x,i-j is the particle number 13 emission factor in # veh -1 cm -1 in any particle size range (i-j) of any vehicle class x, T x is the 14 number of vehicles per second of a certain class, W is the width of the canyon in cm, and z is 15 vertical height in cm above the road level in the canyon. The empirical constant b 1 is replaced 16 with b 2 (= 3.58 b 1 ) to predict the PNCs in the windward side of the canyon. The PNCs are 17 assumed constant at all heights in this side of the canyon and k 1 is assumed to be zero (refer 18 Section S.1 for details). FLUENT. An advection-turbulent diffusion equation was solved using the mean velocity field 2 from the    model and with a turbulent Schmidt number set to unity (i.e., the turbulent 3 diffusivity was set equal to the effective kinematic viscosity, also calculated by the    4 model). 5
Domain 6
The canyon has been modelled as an infinitely long canyon for a cross-wind condition. 7
This allows us to use a two-dimensional (2D) domain as shown in Fig. 1 . The height of the 8 domain from the street level to domain top was set equal to 6H; this was sufficiently far above 9 the canyon that its effect is negligible. The domain inflow and outflow length was set equal to 10 5H. This configuration was selected as this provides enough length in the upstream region to 11 develop the boundary layer (Sini et al., 1996) . A similar domain was used by Solazzo and 12 Britter (2007a) . This domain contained a total of 53824 grid cells. The smallest grid size was 13 0.002 m close to walls. The grid size was increasing with distance from the wall, using an 14 expansion factor equal to 1.10, near street walls, floor and the roof (Kim and Baik, 2004). There 15 were a total of 117 nodes up the wall and similar number of nodes across the width of street. 16
The roughness (z 0 ) of all the walls was set equal to 0.10 m. concentration was set at the inlet and all points in the grid at the inlet. 9
Emission Source 10
There is no standard practice to assign the size of an emission source in CFD 11 simulations. Several CFD studies for street canyon simulations have used various types of 12 sources to simulate the traffic conditions. These may be a point source (Walton and were calculated based on the assumed uniform ambient air temperature, and these were changed 7
for each simulation. 8
The estimated emission factor 1.3310
14 # veh -1 km -1 (as discussed in supplementary 9 Section S.2) is used to estimate the emission source strength (S). This changed for each hour 10 depending on the source area and traffic volume (T) that varied between 140 and 1192 veh h canyon-vortex and small recirculation zones at the bottom corners of the street canyon (Fig. 2a) . 5
Further, Fig. 2b shows the distribution of turbulent kinetic energy (TKE), which also shows the 6 production of TKE in the shear layer at the top of the canyon as well as around the separation 7 region at the top of the windward wall. This TKE is then dissipated as it is swept round the 8 canyon by the primary vortex. Different sizes of emission sources are used and their effect on 9 PNC distributions is discussed in subsequent section. 10
Effect of source size on PNCs in CFD simulations 11
The effect of different source sizes on the PNC distribution has been presented in 
Where L is the scaling length usually the height or the width of the street canyon and E is the PNC profiles was the smallest at 0.40 m (Fig. 4b ). This suggests that the effect of source size is 21 minimal on the PNCs in first 0.50 m near the windward wall. This could be due to the inflowof cleaner air from the top of the canyon close to the windward wall that is slightly decoupled 1 from the higher concentrations in the middle of the canyon. (Fig. 4a) , suggesting that the effect of source size is 8 negligible on vertical PNC profiles in the first 0.50 m near to the leeward side wall. However, 9
the profile for CFD_S a is different, with average PNCs being 18% larger than others; this is 10 due to the emission of particles through a smaller area near to road level and their advection 11 very close to the wall, as is also shown in Fig. 3a.  12 Furthermore, the shapes of vertical PNC profiles are different than generally be 13 expected, that is decreasing with height. The size of the source, especially the height, seems to 14 play a critical role in determining the shapes of these profiles. The PNCs increase from the road 15 level to a certain height and then decreases with height and eventually for some cases increases 16 again towards the roof-height (Figs. 4a, c As seen in Fig. 3 , the PNCs are uniformly emitted throughout the source area and then 22 advected by the canyon-vortex towards the upper leeward side corner of the source where the 23 maximum PNCs are seen, and then these decrease towards the road and roof-top level of the 1 canyon. The two smallest sources by area (i.e., CFD_S a and CFD_S c , height 0.11 and 0.75 m, 2 respectively) emit particles close to the ground where they are then swept around the edge of the 3 canyon leaving a relatively low concentration in the centre, which leads to concave vertical 4 profiles as seen in Fig. 4 . The other two sources emit the particles at larger heights (1.5 and 2 m 5 source heights) for them to be swept in to the centre of the canyon leading the convex vertical 6 profiles observed. However, measurement studies and different models show different vertical 7 profiles and these details are discussed in the next section. 8
Comparison of vertical PNC profiles 9
The turbulence from the moving traffic will scale on the traffic speed and the turbulence 10 from the wind will be linked to the wind speed. In either the traffic produced or wind-shear 11 produced turbulence cases, the mixing close to the source will be determined mainly by the flow 12 around the vehicle. This will lead to rapid mixing in this wake region close to the vehicle. 13
Consequently, the source size should scale with the vehicle dimensions, not that of the exhaust 14 pipe. These arguments suggest that one of the three larger sources (not CFD_S a ) might be most 15 appropriate for the comparisons with measured and other modelled (OSPM and Box) results. 16
Since our measurements were at 0.40 m away from the wall of the leeward side and all three 17 CFD sources (except CFD_S a ) showed identical profiles at this height, one of these sources 18 (CFD_S c ) has been selected for further comparisons. 19
Apart from the CFD simulations, as discussed in Section 4.2, the vertical PNC profiles 20 were produced by using the OSPM and modified Box model for both sides of the canyon (Fig.  21   5 ). These profiles were plotted with the measured vertical PNC profiles though the measuredIt is generally expected that PNCs would be larger near to the road level due to the 1 presence of the emission sources. The PNCs are then expected to decrease with height due to 2 removal of particles as a result of mass exchange between the street and the less polluted wind 3 , 2003) . These 9 complexities will probably be specific to each individual street canyon. Therefore, it is not 10 straightforward to describe the vertical PNC profiles close to road level. The empirical models 11
OSPM and the Box model assume a well-mixed region in the first few meters of the canyon 12 leading to constant concentrations in this region. Similar to our earlier studies, present study also 13 indicated decreasing PNCs (except CFD simulations) with increased height above 2 m (Fig.  14   5a ). This observation is in agreement with several other studies for particle number 15 It is interesting to compare the shape and magnitude of vertical PNC profiles produced 21 by the CFD with other modelled and measured vertical PNC profiles (Fig. 5a) . The OSPM and effects. Moreover, the small decrease in some of the vertical near-ground CFD profiles reveal 8 that the CFD model produces reasonable dilution in the lower part of the canyon, but does not 9 seem to produce enough dilution in the upper part of the canyon. This might be because the real 10 structure of the roof, and actual flow conditions in the field, are more complex than assumed 11 simplified structure, resulting in a weaker exchange of air between street and canyon top in the 12 upper part of the canyon. Conversely, the operational models (OSPM and modified Box model) 13 assume a larger decrease in concentration across the entire height of the canyon as these are 14 calibrated using experimental results from various field studies. 15
The vertical PNC profiles for the windward side of the canyon are nearly similar in 16 shape for all models (Fig. 5b) . This is expected for the OSPM and Box models as they both 17 assume identical PNCs at all heights in the windward side. Also, the CFD results show almost 18 identical PNCs at each height of the canyon. This nearly constant vertical profile was also 19 observed by Hoydysh and Dabberdt (1998) and Walton and Cheng (2002) . However, the 20 average PNCs for CFD were about 1.8 and 4.8 times larger than for the Box and OSPM models, 21
respectively. The higher PNCs predicted by the CFD on this wall are due to the higher values 22 predicted at the top of the leeward wall being advected to the other side of the canyon, as 23 discussed previously. 24 Fig. 6 shows the comparison of measured and modelled PNCs at various heights in the 2 leeward side of the canyon for the 24 h simulations. The overall performance of the models 3 applied in this study has been compared using commonly used statistical parameters, as shown 4 in Table were generally within a factor of two (FAC2), and within a factor of three (FAC3) for OSPM. 6
Comparison of measured and modelled PNCs 1
Differences between modelled results and measurements can be largely attributed to a large 7 difference (up to a factor of three) in particle number emission factors (PNEF), as discussed in 8 Section S.2. Although a change in PNEF will not bridge the difference in the predictions by 9 different models. In general, the predictions are still in fairly good agreement as might be 10 expected between experiments and modelling. Each model showed a good correlation 11 coefficient (R) at all heights, but relatively larger values were noticed for the OSPM at all 12 heights (except z/H = 0.19) than for the Box and CFD models. As illustrated in Fig. 6 , the 13 OSPM consistently under-predicts the PNCs at all heights; this is indicated by the positive 14 values of fractional bias (FB) in Table 2 . Conversely, the Box and CFD models slightly over-15 predict the PNCs. However, these observations indicate that predictions using a simple 16 modelling approach (modified Box model), idealised CFD simulations or widely used 17 operational model (OSPM) were within an acceptable range, despite ignoring the particle 18 dynamics and using different mixing mechanisms. 19
The inter-comparison of modelled PNCs is of particular interest to see why these models 20 predict different values of PNCs for the same input parameters. The modelled PNCs from Box 21 and CFD models were close to each other at z/H = 0.19, but those from OSPM were about a 22 factor of two smaller than these models. The difference between the modelled PNCs using CFD 23
and Box models at other heights increased. The modelled PNCs using OSPM at each height 1 were consistently smaller than those from Box and CFD models; these were about a factor of 4 2 and 5 smaller at z/H = 0.40 and 0.64, respectively, than those from the CFD model (Fig. 6) . The 3 large differences in PNCs at upper sampling heights could be because the CFD model considers 4 weaker exchange of air in the upper part of the canyon as discussed in Section 4.3. Some 5 differences in PNCs across the entire height of the canyon could be because the OSPM 6 explicitly takes in to account the turbulence created by the wind and traffic, but the Box and 7 CFD models do not. 8
5.
Summary and Conclusions The models used in this study produced different shapes of vertical PNC profiles in both 6 sides of the canyon. These shapes were particularly different in the leeward side. Both the non-7 CFD (OSPM and Box) models showed constant PNCs up to h 0 (i.e., 2 m) and decreasing PNCs 8 above this height. The CFD model showed an increase from road level to a height of 2 m; this 9 observation is in agreement with the measurements. However, they do not predict the measured 10 decrease in PNC towards the top of the canyon above 2 m, suggesting that the CFD model 11 does not predict enough dilution in the region of the leeward side wall. Considering the wind 12 speeds used in this study the wind-produced turbulence is likely to dominate, however it may be 13 the case that traffic-produced turbulence may have some effects. 14 In the windward side of the canyon, both OSPM and Box models predicted constant 15
PNCs at each height. The CFD model also produced similar shape of vertical PNC profiles, but 16 with far higher PNCs than found by both non-CFD models. The higher PNCs predicted by the 17 CFD on this side of the wall are due to the higher values predicted at the top of the leeward wall 18 which is advected to the windward side of the canyon with relatively little further mixing. 19
The measured PNCs compared well (between a factor of 2 and 3) with those modelled 20 using Box, OSPM and CFD models, suggesting that if the model inputs are chosen carefully, 21 even a simplified approach can predict the PNCs as well as more complex models. The inter-22
comparison between the models for idealised (CFD and Box) and operational (OPSM) 23 conditions showed larger PNC differences at the upper sampling heights when compared to the 1 PNC differences near to the road level. The largest PNC difference between idealised and 2 operational models at upper sampling heights were attributed to the weaker exchange of street 3 and above-roof air in the upper part of the canyon by idealised models. This is because the real 4 structure of the roof, and actual flow conditions in the street canyon, are expected to be more 5 complex than assumed idealised conditions. Moreover, some differences in PNCs over the entire 6 height of the canyon could be because the OSPM explicitly takes in to account the turbulence 7 created by the wind and traffic, but the other models do not. 8
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